Abstract In the past, the direct production of lignincontaining nanofibers from wood materials has been very limited, and nanoscale fibers (nanocelluloses) have been mainly isolated from chemically delignified, bleached cellulose pulp. In this study, we have introduced a newly adapted, heat-intensified disc nanogrinding process for the enhanced nanofibrillation of wood nanofibers (WNF) with a high lignin content (27.4 wt%). The WNF produced this way have many unique and intriguing properties in their naturally occurring form, for example, being able to be dispersed in ethanol and having ethanol solution viscosities higher than water solution viscosities. When WNF nanopapers were formed with ethanol, the properties of the nanofibers were recoverable without a notable decrease in the viscosity or mechanical strength after redispersing them in water. The preservation of lignin in the WNF was noticed as an increase in the water contact angles (89°), the rapid removal of water in the fabrication of the nanopapers, and the enhanced strength of the nanopapers when subjected to high pressure and heat. The nanopapers fabricated from the WNF were mechanically stable, having an elastic modulus of 6.2 GPa, a maximum stress of 103.4 MPa, and a maximum strain of 3.5%. Throughout the study, characteristics of the WNF were compared to those of the delignified and bleached reference cellulose nanofibers. We envision that the exciting characteristics of the WNF and their lower cost of production compared to that of bleached cellulose nanofibers may offer new opportunities for nanocellulose and biocomposite research.
Introduction
Lignocellulosic raw materials from plants (Bhatnagar and Sain 2005) , trees (Herrick et al. 1983) , and waste materials (Nair and Yan 2015a; Tarrés et al. 2017 ) have been studied to explore their suitability for nanocellulose production. The properties of fabricated nanofibers depend on the method of processing and the fiber origin. In plants, cellulose nanofibers tend to be more loosely bound, due to their structural and chemical composition (Valadez-Gonzalez et al. 1999) , than in more organized wood structures having a high lignin content. Thus, the liberation of nanofibers from plant Electronic supplementary material The online version of this article (doi:10.1007/s10570-017-1406-7) contains supplementary material, which is available to authorized users. sources requires less chemical and mechanical processing, whereas wood-derived nanofibers (WNF) are mainly isolated solely from bleached, chemically delignified cellulose pulp. However, lignin-containing mechanical pulp fibers (e.g., thermomechanical pulp, or groundwood pulp; GWP) are attractive raw materials for nanofiber production at a price 50% lower (Arppe 2001) than that of chemical pulps and with a manufacturing yield of around 85-95% (Sixta 2006) . For this purpose, alternative processing methods are required to enable the breakage of the strong lignin matrix holds the wood fibers together. In addition, the inclusion of lignin components within the liberated nanofibers can result in a novel nanomaterial with chemical, mechanical, and surface properties different from traditionally fabricated cellulose nanofibers. This approach can also advance the discovery of novel applications without the need for the surface chemical functionalization of the nanofibers (Habibi 2014) , leading to a reduction in environmental stress and costs in the production process. Above all, the conservation of lignin is of interest because it increases the hydrophobicity of the nanofibers, which could increase their use in multiple applications, for example, flotation (Laitinen et al. 2016) , oil-water stabilization (Visanko et al. 2014a; Ojala et al. 2016) , and biocomposites (Herzele et al. 2016; Winter et al. 2017) .
The most effective methods for cellulose nanofiber production have so far been based on the use of chemical (Saito et al. 2007; Liimatainen et al. 2012 Liimatainen et al. , 2013b or solvent (Selkälä et al. 2016 ) pretreatments for the surface functionalization of bleached pulp fibers. Chemical functionalization involves many drawbacks compared to the use of fibers in their native state, considering the high cost of chemicals, their toxicity, and the difficulties of both recycling (Kuutti et al. 2016) and regenerating them (Liimatainen et al. 2013a) . Chemical treatments also tend to alter the properties of the resulting cellulose nanofibers, for example, by reducing the degree of polymerization (Lavoine et al. 2012 ) and drastically decreasing the thermal degradation threshold to around 200°C (Fukuzumi et al. 2009; Eyholzer et al. 2010) , which limits the ability of the fibers to be further processed (Oksman et al. 2016) .
When cellulose nanofibers are dried, they can be formed into complex shapes and structures depending on the drying strategy used. High-strength (Sehaqui et al. 2012 ) transparent (Nogi et al. 2009 ) nanopapers with embedded functionalities Morales-Narváez et al. 2015) and matrix properties ) can be obtained through simple vacuum filtration. The porosities of the fabricated nanopapers can be increased by replacing the water medium with solvents that are less polar (Sehaqui et al. 2011) . Light-weight aerogels (Korhonen et al. 2011) with highly porous structures can be fabricated by freeze-drying, and the most convoluted drying methods of nanocelluloses under specific conditions enables the fabrication of highly organized and orientated aerogels (Donius et al. 2014) .
The abundant hydroxyl groups and the high specific surface area of cellulose nanofibers increase their water uptake and the viscosity of aqueous nanofiber suspensions. This phenomenon is often experienced in the processing and fabrication of advanced materials such as nanopapers (Sehaqui et al. 2010) . Consequently, the maximum operational consistency in cellulose nanofiber production is often limited to only 1-2%, and the removal of water via filtration can be very timeconsuming. Moreover, in the commercialization of nanocelluloses, drying them is desired in many applications, but the redispersing of the nanofibers without hornification (Newman 2004) back to a solvent medium is still a challenge. Thus, the introduction of anionic charges through the use of additives (Lowys et al. 2001) , the chemical modification of the fibers via carboxymethylation (Eyholzer et al. 2010; Butchosa and Zhou 2014) , or the exploitation of nonwood plants with a high pectin content (Hiasa et al. 2016; Hietala et al. 2017) have been the most promising ways for recovering the properties of redispersed nanofibers. For nanofibers derived from wood, methods of drying and redispersing them in their native states in different media without the loss of any of their properties (Eyholzer et al. 2010) , and without the use of any additives or chemicals, would be advantageous for the fabrication of green bioproducts.
So far, the direct production of nanofibers from nondelignified wood fibers has been limited to only a few methods. The direct grinding of the wood fibers has been attempted, but the production of fibers below micron-sized has not been possible (Spence et al. 2010; Hoeger et al. 2013) . Currently, the most promising approaches to nanofibrillate wood fibers with a high lignin content originate from the partial delignification via ethanolysis (Winter et al. 2017) (17.3% lignin) or via the use of fibers from the SO 2 -ethanol-water process (13.5% lignin) (Morales et al. 2014; Rojo et al. 2015) . However, no study has yet addressed the heat response to and the softening of lignin at elevated temperatures, which could be one option for loosening the adhesive effect between the fibers, thus promoting the liberation of the nanofibers. Our goal was to produce, for the first time, WNF directly from nonchemically modified mechanical pulp without any delignification via combined high-temperature disc nanogrinding. The features of the resulting WNF were characterized, and a new, straightforward drying method for the efficient redispersion and property recovery of the WNF was investigated. The characteristics of the fabricated nanopapers based on the WNF and the impact of the drying temperature on the mechanical strength due to lignin melting have been demonstrated. A commercial bleached pulp and the cellulose nanofibers derived from it were used as reference materials.
Experimental

Materials
Unbleached spruce groundwood (GWP) in a neverdried form and a bleached, delignified sulfate spruce reference pulp (BP) in the form of dried pulp sheets were acquired from a pulp mill (Stora Enso, Veitsiluoto, Finland). Ethanol (96%) for the solvent exchange of the nanofibers was purchased from VWR (Finland). Durapore polyvinylidene fluoride membranes for the fabrication of the nanopapers (pore size 0.65 lm) and track-etched Nuclepore membranes (pore size 0.20 lm) used for the preparation of the FE-SEM samples were acquired from Millipore (France). Deionized water was used throughout the study.
Chemical composition of pulps
Standard methods were used to analyze the compositions of the GWP and BP. The lignin content of the fibers was analyzed with a TAPPI T 222 om-02 (GWP 27.4 wt%, BP 0.2 wt%); the acetone-soluble extractives were analyzed with a TAPPI T 280 pm-99 (GWP 2.2 wt%, BP 0.1 wt%); and the hemicellulose and degraded cellulose portions were analyzed with a TAPPI T 212 om-02 (GWP 13.0 wt%, BP 3.9 wt%).
Nanogrinding of wood nanofibers and reference nanofibers
Disc nanogrinding of the GWP was performed with a 10-inch (c.25 cm) Masuko Super MassColloider (MKCA6-2 J CE; Masuko Sangyo, Japan) at 1500 rpm at a high temperature. First, 60 g of the GWP was mixed with deionized water (1.5 wt%) to a total weight of 4 kg. With combined mixing and heating, an approximate temperature of 95°C was reached prior to the grinding. The water cooler of the grinder was disconnected, and the grinder was preheated with boiling water to minimize heat loss. The heated fiber suspension was fed into the grinder in small portions to maintain the heat and was collected back into the heated cooking pans after each circulation. The heat of the fiber suspension was monitored with a digital thermometer and was found to vary from 90 to 95°C during the passes through the discs. In total, the pulp passed once through to 0-and -50-lm disc clearances, and 15 times through the 100-lm disc clearance. The reference sample was fabricated from the BP in the previously used conditions without heating and using the same grinding treatments as for the GWP. The reference sample, however, required a dilution below 1 wt% after the seventh pass through the 100-lm disc clearance, as the viscosity of the sample was too high for the fiber slurry to flow through the discs.
Properties and morphology of the original pulps and nanofibers
The average (length-weighted) lengths and widths of the original pulp fibers were determined using a FiberLab image analyzer (Metso, Finland). The detailed visualization of the fibers was performed with a FE-SEM (Sigma HD VP, Germany) at an accelerating voltage of 3 kV. Prior to imaging, the fibers were disintegrated and diluted with water. From the dilutions, 5 ml of the dispersed sample was filtered slowly with low pressure on top of a membrane (pore size 0.2 lm). The filtered samples, together with the membrane, were dipped into liquid nitrogen to freeze the fibers, and the specimens were immediately transferred to a freezer. The frozen samples were freeze-dried with a Coolsafe 55-15 Pro (ScanVac, Denmark) overnight. After freeze-drying, the Cellulose (2017) 24:4173-4187 4175 specimens were fixed to sample holders, and the surfaces were sputter-coated with platinum (Pt). The morphological features of the fabricated nanofibers were also analyzed with a Tecnai G2 Spirit transmission electron microscope (TEM; FEI Europe, Eindhoven, the Netherlands). The samples were prepared by dilution with ultrapure water. A small droplet of the dilute solution was placed on top of a carbon-coated copper grid, which was first coated with polylysine by applying a small droplet of a 0.1% solution to the top of the grid. The excess polylysine was removed from the grid by touching the droplet with the corner of a piece of filter paper. A small droplet (7 ll) of the diluted nanofiber suspension was then placed on the top of the grid and the excess was also removed from the grid with filter paper. Negative staining of the samples was performed by placing a droplet of uranyl acetate (2% w/v) on top of each specimen and the excess was removed with filter paper. The grids were dried at room temperature and analyzed at 100 kV under standard conditions. Images were captured using a Quemesa CCD camera, and ImageJ image analysis software was used to analyze the nanofiber dimensions.
Viscosity
The rheological analysis of the nanofibers was conducted in water (W) and ethanol (E). For the viscosity measurements in ethanol, the nanofiberwater suspensions were gradually solvent-exchanged. The nanofibers were first dispersed into ethanol and mixed for 24 h, during which time the ethanol was removed three times by vacuum filtration and replaced with fresh solvent. The viscosities were measured at consistencies of 0.5, 1, and 1.5 wt% for the WNF and at 0.3 wt% for the reference nanofibers. The measurements were conducted with a DV-II?Pro EXTRA viscometer (Brookfield, USA) at a temperature of 20°C using a vane-shaped spindle (V-73) and rotational speeds of 10, 20, 50, and 100 rpm.
Preparation of nanopapers
The WNF and reference nanofibers were used to prepare nanopapers for the detailed characterizations of the nanofibers. First, 0.33 g abs. of the nanofibers were diluted to 0.3 wt% (corresponding to nanopapers with grammage of 80 g/m 2 ) and were further mixed with a magnetic stirrer to ensure the formation of evenly dispersed suspensions. Vacuum filtration with a glass filter funnel (7.2 cm diameter) covered with a polyvinylidene fluoride membrane (pore size 0.65 lm) was performed for the nanopaper fabrication. The filtration time for the manufacture of the nanopaper was recorded. After filtration, the moist nanopaper that was formed was peeled off the membrane and placed between two filter papers. The drying of the specimens was performed with a hot press (Fontune Press, the Netherlands) in two consecutive steps (Table 1) . In step 1, the aim was to dry the sample using a low pressure of 25 bar (F = 10 kN) together with the filter papers. In step 2, the dried nanopaper was placed between the hot metal plates without the filter papers and pressed at a high pressure of 740 bar (F = 300 kN) to remove any possible residual moisture and to fabricate more-compacted nanopapers. The labeling of the nanopapers produced from the WNF and the reference nanofibers from here on are based on the applied temperature used in the drying and pressing (Table 1) . After pressing, the samples were stored at standard conditions of 23°C and 50% relative humidity. The densities of the nanopapers were determined after preconditioning for at least 48 h in the standard environment. The weight and accurate volume (width 9 thickness) of each sample were measured, and the densities were calculated.
Crystallinity
The crystallinities of the original GWP, BP, and the nanofibers were measured from sheets (pulps) or nanopapers (WNF 150 and REF 150) using wideangle x-ray diffraction. The measurements were conducted on a Rigaku SmartLab x-ray diffractometer equipped with a Co Ka radiation source (k = 0.1789 nm). The samples were mounted on a solid circular holder, and a high-speed 1D detector (D/Tex Ultra 250; Rikagu) was set to collect the data. The scanning range was from 10°to 50°2h with a step width of 0.02°and a scanning speed of 1°min -1 . The degree of crystallinity in terms of the crystallinity index (CrI, Eq. 1) was calculated based on the reflected intensity data, following the method of Segal et al. (1959) :
where I 200 is the peak intensity corresponding to both the amorphous and crystalline fractions of cellulose I, and I am is the peak intensity of the amorphous fraction.
Mechanical properties of nanopapers
The tensile tests were performed with a universal material testing machine (Instron 5544, USA) equipped with a 100-N load cell. The nanopapers were cut into 5-mm-wide strips, and their thicknesses were measured using a precision thickness gauge (Hanatek FT3, UK). Three different locations along the gauge length were measured to calculate the average thickness. For the tensile testing, a 40-mm gauge length was set under a strain rate of 4 mm/min, and five strips were measured for each sample. The tests were conducted at a relative humidity of 50% at a temperature of 23°C using a preload of *0.1 N. Prior to testing, the specimens were conditioned for at least 1 day in the same environment. The elastic modulus was calculated from the initial linear part of the stressstrain curve, and the maximum stress and strain at break were determined from specimen breakage.
Surface properties and morphology of nanopapers
The nanopaper surfaces and cross-sectional structures were imaged with an FE-SEM (Zeiss ULTRA Plus, Germany) at an accelerating voltage of 5 kV. The cross-sectional images of the nanopapers were taken from the specimens' fractured surfaces after tensile testing. Prior to imaging, the specimens were sputtercoated with Pt. A static sessile-drop contact angle measurement method was used to measure the water contact angles of the nanopapers fabricated from WNF 150 and REF 150. Milli-Q water was used as a probe liquid at room temperature with a Krüss DSA100 system (Germany). The instrument was equipped with a high-speed camera (1000 fps) and analysis software. The contact angle was determined immediately after the formation of a drop on the nanopaper surface. The contact angles were extracted by the height-width method, where a rectangle enclosed by a contour line is regarded as being the segment of a circle. As a result, contact angles can be calculated from the height-width relationship of the enclosing rectangle. For each sample, five droplets at different locations were studied, the results were averaged, and the standard deviations were calculated.
Thermogravimetric analysis TGA was performed on the original pulps (GWP and BP), ground reference nanofibers, and WNF. The samples were frozen in a freezer and then freeze-dried prior to the analysis. The measurements were taken with an STA 409 PC (Netsch, Germany) under a nitrogen atmosphere with a flow speed of 60 ml/min. The specimens were placed on a sample carrier and heated from room temperature to 700°C at a heating speed of 10°C/min.
Redispersion of dried WNF and reference nanofibers
The ability to redisperse dried nanofibers into water was investigated by freely-dried nanopapers from the WNF and reference nanofibers. Two routes for the fabrication of nanopapers were investigated by using nanofibers dispersed in water or ethanol. The solvent exchange to ethanol was performed as described earlier (see ''Viscosity''). For the preparation of nanopapers, 1 g abs. of nanofibers was diluted to a 0.3-wt% consistency (with water or ethanol) and were mixed with a magnetic stirrer. The suspensions were vacuum-filtered on top of a membrane (0.65-lm pores), and after nanopaper formation, the samples were allowed to dry freely overnight at room temperature. The dried nanopapers were redispersed back into the water by cracking them into smaller pieces and mixing them with water to obtain suspensions with a 1.5-wt% consistency. The mixing was performed with a hot-plate magnetic stirrer, and the temperature of the suspension was adjusted to 50°C. After 30 min of mixing, the remaining large flocs were disintegrated with an UltraTurrax mixer (IKA T25, Germany) at 12,000 rpm for 2 min. The magnetic stirring was continued under heat for another 90 min Cellulose (2017) 24:4173-4187 4177 after the UltraTurrax treatment. The redispersed samples were labeled according to the medium used in the fabrication of the nanopapers: redispersed from nanopaper dried in water (WNF RW and REF RW) or redispersed from nanopaper dried in ethanol (WNF RE and REF RE) . The viscosities of redispersed nanofiber suspensions were measured at consistencies of 1.5 wt% for the WNF and 0.3 wt% for the reference nanofibers. The measurements were conducted according to the same patterns described earlier (see ''Viscosity''). Finally, nanopapers of 80 g/m 2 were prepared from the redispersed samples according to the same procedures stated earlier (see ''Preparation of nanopapers''). However, the pressing was conducted at a 150°C (steps 1 and 2; see Table 1 ) for both the WNF and reference nanopapers. The pressed and dried nanopapers were pre-conditioned at a relative humidity of 50% and a temperature of 23°C for 24 h prior to measuring their mechanical properties, as previously described (see ''Mechanical properties of nanopapers'').
Results and discussion
Nanogrinding of fiber specimens A newly adapted, heat-intensified disc nanogrinding process was tested for the direct preparation of WNF with a high lignin content (27.4 wt%) from unbleached GWP. The relationship between high-temperature lignin softening and the ease of liberation of more intact wood fibers has been well known and used for decades in the production of refined mechanical and ground pulp (McDonald et al. 2004) . Thermoplasticity studies of wood have shown different softening temperatures for lignin depending on the conditions, and, at a water saturation state of 20% or higher, it has been proposed that the softening takes place from 72 to 128°C (Goring 1963) . Our aim was to maintain the temperature of the pulp at approximately 90-95°C over the course of the nanogrinding, during which the lignin was expected to soften, thus enabling the successful liberation of nanofibers directly from the wood fibers. We used an open system operating in a normal atmosphere with a temperature close to the boiling point of water, causing the water to evaporate. Consequently, the consistency of the GWP suspension rose almost threefold from the initial 1.5-4.3 wt% during the treatment. Yet, this increase did not cause any difficulties in processing the sample at any stage, making this technique a promising one for markedly increasing the production capacity when compared to the use of bleached cellulose fibers (Hu et al. 2015) . The low operating consistency of BP was evident, and a dilution to below 1 wt% had to be made in the intermediate stage of processing to reduce the strong gelling and the increase in the viscosity of the sample.
Morphology of nanofibers
The original fibers from the GWP and the reference pulp had length-weighted widths of 26.1 and 26.8 lm as well as lengths of 0.78 and 1.76 mm, respectively (Fig. S1 ). The shorter fiber length of the GWP was due to the initial mechanical pulping, which resulted in fiber cutting. After the high-temperature disc nanogrinding, we were able to obtain WNF with a very high lignin content directly from the GWP without any chemical modifications. As far as we know, the nanofibers had the highest lignin content reported thus far.
According to images captured by a transmission electron microscope (TEM), the obtained WNF had a heterogenous size distribution, but the dimensions were well within the nanoscale (Fig. 1) . We classified the nanofibers seen in the images into two fractions based on their sizes. In the first fraction (5-50 nm), the nanofibers aggregated with the majority of their typical widths varying from 10 to 35 nm (Fig. 1a, b, d, e), and the nanofibers were found to be abundant close to concentration gradients of highly negatively stained areas. Individual nanofibers (lateral dimension *5 nm) were also occasionally found. A typical example of an area covered by a WNF network is shown in Fig. 1e . The second fraction was classified as nanofiber bundles (50-300 nm), which appeared in random areas in the imaged grids (Fig. 1c) . These bundles were often partially nanofibrillated and were seen to unravel from their ends into multiple smaller nanofiber aggregates. The darker areas in the images were caused by the negative staining of uranyl acetate, and the white dots or irregular stains in the background were caused by polylysine. The surfaces of the WNF seemed to be receptive to polylysine, and these places could be seen as white dots on the outside parts of the nanofibers (Fig. 1c) .
Bleached and delignified cellulose fibers have been reported to disintegrate into more evenly sized nanofibers when exposed to strong shear and tearing forces in a disc grinder (Abe et al. 2007 ). Here, a more homogeneous size distribution of nanofibers was obtained for the reference pulp than for the GWP. The lignin-free cellulose fibers of the reference pulp were likely more swollen, loosely bound, and prone to nanofibrillation than the lignin-containing GWP. The majority of the imaged reference nanofibers had a typical width of around 7-20 nm. No larger nanofiber bundles (50-300 nm) were found in the TEM images. Examples of the typical widths of the nanofibers are given in the supporting information ( Fig. S2 ; Table S1 ).
The crystallinity indexes (CrI) calculated from the x-ray diffraction diffractograms (Fig. S3) were 78.1 and 57.3% for the original pulps (BP and GWP), respectively, and 71.6 and 58.3% for the reference nanofibers and the WNF, respectively. The GWP underwent initial mechanical pulping, which caused the degradation of the crystalline domains of the fibers (Clark and Terford 1955) , whereas the BP was obtained directly from chemical pulping. The differences in the initial CrIs between the specimens thus originated from the pretreatment of the fibers. After the disc nanogrinding, the BP without any mechanical pretreatment (with a more intact crystalline structure) was susceptible to a larger drop in the crystallinity as the result of a reduction in the chain length and the crystal size. For the GWP, no decrease was observed in the CrI after the heat-intensified disc nanogrinding.
Rheology of nanofiber suspensions
The rotational viscosities of the WNF and reference nanofibers were measured at different consistencies in water and ethanol suspensions. The WNF water suspensions had a remarkably lower viscosity than those of the reference nanofiber suspensions, and a consistency approximately five-times thicker (1.5 vs. 0.3 wt%) was required to obtain a similar torque resistance (Fig. 2) . The lower viscosity of the WNF was probably caused by the occurrence of coarser nanofibers, the stiffness of the WNF, a lower water adsorption, and a reduced polarity due the presence of lignin. The confined gelling of the WNF confirmed the prospect of the elevated consistency processing observed in the grinding of the GWP. Another interesting property seen in the WNF was their ability to disperse and to form stable suspensions when solvent-exchanged to ethanol. Interestingly, the surface chemical composition of the WNF was more compatible with less-polar ethanol (WNF E), and the viscosities of all the studied consistencies were higher for ethanol than for water (WNF W). The reference nanofibers, in turn, had a reduced viscosity in ethanol (REF E) . Typical shear-thinning behavior was seen in both the reference nanofibers and the WNF, with higher consistencies of 1.5 and 1.0 wt%, respectively, in both water and ethanol. The ability of the WNF to be easily dispersed in a nonaqueous solvent may be beneficial in many applications. For example, in nanocomposite processing, less-polar solvents are advantageous for achieving a homogenous mixture on hydrophobic matrices and improved compatibility with a greater reinforcing effect.
Nanopaper properties
Nanopaper fabrication was performed by filtering the aqueous water-nanofiber suspension and subsequently pressing and drying. Despite the advantages of nanopapers, the lengthy filtration time required for film formation has been a troublesome bottleneck in the fabrication process for nanopapers. Our WNF showed great potential for the rapid preparation of nanopapers, with an average filtration time of only 3.5 min. The reference nanofibers, in contrast, required 44 min for the removal of the residual water prior to qualifying for the drying steps. The hydroxyl group-rich surfaces of cellulose nanofibers have a tendency toward high water adsorption and swelling, and thus strong gel formation, which was also apparent in the viscosity measurements. The WNF with a high lignin content possessed low water adsorption capabilities, and the stiffer nanofibers formed a lessresistant, porous filtration layer that enabled a higher water flux (Rojo et al. 2015) . During the fabrication of the nanopapers, different pressing times and temperatures were applied to study how their properties developed, with particular attention to the role of the possible thermal softening of lignin. Field-emission scanning electron microscope (FE-SEM) surface images taken from WNF 75 indicated a higher porosity at the pressing temperature of 75°C (with more openings in the surface noted; Fig. 3a) , which was reduced when the pressing temperature was increased to 100°C (Fig. 3b) . With a 150°C pressing temperature, visible pores started to disappear, and more distinct flat areas were observed in the nanopaper surface (Fig. 3c) . The flatter areas were assumed to have formed due to lignin softening and the filling of small voids at an elevated temperature. For REF 150, some random larger nanofibers were observed, but, in general, the overall surface structure was smooth with no porosity (Fig. 3d) , and the partly flattened areas seen in WNF 150 were not present.
The tensile properties of the nanopapers from WNF were also affected by the applied drying parameters. The tensile strength, strain-at-break, and elastic modulus improved with increased drying temperatures (Fig. 4) . The increment especially in the stiffness and strength for WNF 100 and WNF 150 compared to WNF 75 supports the earlier findings that melting of lignin at an elevated temperature leads to the formation of a more compact structure (Rojo et al. 2015) . This was also noted in the increase in densities among the WNF specimens (Table 2) . Generally, the mechanical properties of the reference nanopaper (REF 150) were superior to those of the WNF (WNF 75-150) but similar to those of previously reported cellulose nanofiber-based nanopaper (Nair et al. 2014 ). This behavior originates from the differences in the nanofiber surface properties, the narrower size distribution, and the finer width obtained from the reference nanofibers. The more homogenous composition and flexibility of the reference nanofibers can be expected to result in abundant contact points, with the strength enhanced by strong hydrogen bonding within the nanopaper network. The high lignin content of the WNF may, in turn, decrease the adhesion and strength of bonds between the nanofibers. In addition, the mechanical properties of a single WNF are expected to be weaker due to the incorporation of lignin, a phenomenon that has been demonstrated with wood fibers (Zhang et al. 2013 ). The density of REF 150 was also higher than that of the WNF nanopapers, and, overall, the strength of the specimens was seen to positively improve with the higher temperature used in the pressing. For the later analysis of the nanopapers, fabrication at 150°C was selected for both WNF and REF, as that temperature provided the most promising properties. Also, in terms of practicality, drying at 150°C was the most feasible option, as it required the least amount of time for the evaporation of any residual water.
The surface properties of WNF 150 and REF 150 were further analyzed to understand the differences in Lignin has a variety of functional groups on its surface, making it more hydrophobic (Laurichesse and Avérous 2014) than hydroxyl group-rich cellulose. The WCAs were higher than those reported for the nanopapers fabricated from WNF (77.88) with a 13.5-wt% residual lignin (Rojo et al. 2015) , but in reasonable agreement with our sample that contained twice as much lignin. Rojo et al. (2015) also saw an increase in WCAs with rising lignin content, but stated that their initial chemical pulping of the fibers modified the residual lignin to be more hydrophilic. For REF 150, the results were similar to those reported for nanopaper fabricated from softwood cellulose nanofibers (*668; Kisonen et al. 2015) . WNF 150 had a brownish-yellow coloring due to the presence of unremoved wood components; in comparison, REF 150 consisted mainly of bleached cellulose and appeared white with some translucent areas (Fig. 5) . The cross-sections from the nanopapers showed structural differences between the specimens. REF 150 showed a layered structure that is typical for nanopaper (Li et al. 2017) , while WNF 150 had layers with grooves and a less-aligned horizontal positioning (high-magnification images of the cross-sections can be seen in Fig. S4 ). The inconstant, irregular structure stems from the broader size distribution of the WNF in contrast to the reference nanofibers. Also, the fractured interiors of the nanopapers were seen to break in a smooth way in REF 150, while WNF 150 had a more uneven surface with some outward-projecting filaments.
Thermogravimetric analysis (TGA)
Thermal stability in the emerging temperature profile was affected by the compositional and structural differences between the specimens. The samples from the BP contained mainly cellulose, whereas wood fibers can be classified as nature's own complex biocomposite that includes multiple other components (lignin, hemicellulose, extractives, etc.) , which decompose at different temperatures (Morán et al. 2008) and can intensify the degradation process (Poletto et al. 2012) . This was observed in the lower onset temperature of the GWP and the larger final char content (related to high lignin content; Fig. 6a ), which is known to be more difficult to decompose at a slower rate over a broader temperature range than cellulose (Gani and Naruse 2007; Yang et al. 2007 ). In addition, the BP had a higher crystallinity, which improved the thermal stability of the fibers (Kim et al. 2010) .
The minor initial weight-loss peak observed in the derivative thermogravimetric curves (Fig. 6b) around 90°C was associated with the evaporation of the residual humidity in the samples (Chen et al. 2011) . The reduction in the fiber size and the increase in the surface area led to a more rapid mass loss, a lower onset temperature, and an earlier degradation of the reference nanofibers in comparison with its micronsized fibers (Quiévy et al. 2010; Sirviö et al. 2015) . With the WNF, this effect was more restrained, and only a minor shift to a lower temperature at the degradation peak was noted. The preservation of the thermal properties of the nanofibers is desirable for processing the materials but was difficult to maintain in previous studies with chemically modified cellulose nanofibers (Fukuzumi et al. 2009; Eyholzer et al. 2010) . Here, it is important to note that our WNF were able to retain an onset temperature and degradation rate close to those of the original fibers, with only a minor decline. According to a recent study (Nair and Yan 2015b) , an initial 1% NaOH treatment of fibers with a high lignin content could further increase the thermal stability of our WNF through the removal of less thermally stable extractives, alkali-sensitive lignin, and hemicelluloses.
Redispersion of wood and reference nanofibers
The abilities of dried nanofibers to be redispersed and to maintain their original properties without irreversible aggregation were studied. First, nanopapers were fabricated in water or ethanol and left to dry freely. The freely dried nanopapers (Fig. 7a, c, d) showed characteristic nanocellulosic features, as they were compact, stiff, and tended to wrinkle strongly in the course of drying. This, however, did not occur with the WNF nanopapers dried in ethanol (Fig. 7b) , which were actually the most brittle of the four samples. The WNF had a differing structure when ethanol was applied as a drying medium, and the nanofibers formed a less-compacted and loosely connected porous network structure ). The stiffness and reduced polarity of the WNF were thought to have contributed to the ready nanopaper formation. Also, a lighter color was observed between the WNF nanopapers (Fig. 7a, b) , which originated from the structural differences between the specimens. With the reference nanofibers, no clear structural differences between the nanopapers (Fig. 7 c, d) were noted, although the nanopaper fabricated in ethanol was hazier, which accounted for the increased nanoporosity of the nanopaper (Sehaqui et al. 2011) .
After the dried nanopapers were redispersed into water and their viscosities at different rotational speeds were measured and compared to those of the original nanofibers. A 1.5-wt% consistency for the WNF was selected for the analysis, as this viscosity most resembled the reference nanofibers at a 0.3-wt% consistency (see previous viscosity results) and was thus best for comparison. The solvent used in the fabrication of the reference nanopapers (water or ethanol) did not impart the properties of the redispersed nanofibers, as those viscosities were similar (Fig. 8a) The strength of a nanopaper fabricated from nanosized components is susceptible to any irregularities or changes in the network structure. The formation of larger nanofiber bundles via aggregation decreases the contact points within the nanofiber network and can result in random weak points that are prone to breakage. This phenomenon was observed through the premature rupture of the nanopapers manufactured from redispersed nanofibers; also, decreases in the tensile strength, strain-at-break, and elastic moduli were recorded ( Fig. 8b ; see Table S2 for detailed values). The only exception was the nanopaper fabricated from the redispersed WNF from ethanol-dried nanopaper (WNF RE), which, with successful redispersion, had mechanical properties that were close to those of the original WNF (WNF 150), with only a minor decrease in stiffness and strength. The redispersed reference nanofibers showed a behavior opposite to the WNF specimens, as the redispersed nanopaper from the water-based nanopaper (REF RW) was able to revive with superior properties compared to that made after ethanol-based drying (REF RE) . Together, the viscosity and tensile testing results strongly indicate, for the first time, that solely by capitalizing on WNF in their natural forms without any chemical modification, a novel yet simple approach to nanopaper fabrication resulted in successful redispersion and recovery without any significant losses of the original WNF properties.
Conclusions
The readily adaptable chemical-free processing of GWP to produce WNF, based on high-temperature disc nanogrinding, has been presented. The preservation of the lignin components in the WNF was found to result in unique advantageous characteristics of the nanofibers. The processing of the GWP was possible at an elevated consistency of above 4 wt%, which can be considered auspicious for increasing the production capacity of the nanofibers. The WNF had a good compatibility with ethanol, and the reported viscosities of the different solutions were higher than those measured in water. Using ethanol as a drying medium for nanopapers fabricated from the WNF, it was possible to obtain the original properties when the nanofibers were Fig. 8 Viscosity (a) and stress-strain curves (b) for both redispersed and original WNF and reference nanofiber samples redispersed back into water, which was not possible with the bleached-cellulose reference nanofibers. This characteristic makes the use of WNF compelling for largerscale applications, in whi8ch the dried nanofibers could be reused without a notable degradation of their properties, and their transportation cost could be significantly reduced by eliminating water. Water removal from the WNF was found to be highly suitable for this purpose, as only 3.5 min was required for nanopaper (80 g/m 2 ) fabrication, which could resolve many current problems relating to the difficulties of processing associated with nanofibers that are apt to bind to water. The WNF had hydrophobic surfaces, their thermal stability was not reduced after nanofiber preparation, and they were able to disperse into lesspolar solvents, all of which are advantageous for their suitability as reinforcing fillers in biocomposite manufacturing. We predict that the use of WNF with a high lignin content will become more frequent, and that they will be found to be appropriate for many new applications due to their unique properties and greatly reduced cost of production. The applicability of fabricated WNF can be further broadened by introducing new functionalities to the fiber surfaces, a topic on which we are aiming to publish in the near future.
